Introduction
============

Wilms tumor (WT) is one of the most common types of pediatric solid tumor, with a prevalence of 1 in 10,000 children worldwide ([@b1-etm-0-0-7870]). WT typically occurs in healthy children; however, \~10% of children who have congenital anomalies, including Denys-Drash syndrome and Beckwith-Wiedemann syndrome, have been reported to exhibit a predisposition to this type of cancer ([@b2-etm-0-0-7870],[@b3-etm-0-0-7870]). WT is an embryological tumor that is composed of a variable mixture of stromal, blastemal and epithelial elements and is histologically similar to renal embryogenesis ([@b4-etm-0-0-7870]). It has been verified that certain genetic mutations, including those in Wilms tumor 1 (WT1), Wilms tumor on the X (WTX) and catenin b1 (CTNNB1), are associated with WT susceptibility ([@b5-etm-0-0-7870]--[@b7-etm-0-0-7870]). WT1 is closely associated with renal development and its mutations account for \~20% of WT cases ([@b8-etm-0-0-7870]). It has been identified from a large number of WT cases that CTNNB1 mutations overlap with the WT1 mutation while the WTX mutation is predominantly mutually exclusive ([@b9-etm-0-0-7870]). Furthermore, a number of studies have suggested the involvement of various genes and cellular signaling pathways in the occurrence and development of WT ([@b10-etm-0-0-7870],[@b11-etm-0-0-7870]). A previous study indicated that KRAS mutations participate in the WT occurrence by activating the PI3K/AKT pathway ([@b12-etm-0-0-7870]). However, the definite molecular mechanisms remain unknown. Therefore, it is necessary to study the underlying molecular mechanisms of WT to prevent tumorigenesis and develop effective therapeutic measures.

MicroRNAs (miRNAs/miRs) are a class of small non-coding RNAs that regulate gene expression by post-transcriptionally binding to the 3′ untranslated region of target mRNAs, inducing mRNA degradation or silencing ([@b13-etm-0-0-7870]). In previous decades, a large number of miRNAs have been identified in humans and numerous previous studies have demonstrated their role of acting as oncogenes or tumor suppressors by regulating tumor occurrence, progression and survival ([@b14-etm-0-0-7870],[@b15-etm-0-0-7870]). For example, Zhu *et al* ([@b16-etm-0-0-7870]) reported that miR-92a-3p suppresses the proliferation, migration and invasion of WT cells by modulating the NOTCH1 signaling pathway. Therefore, identification of differentially expressed miRNAs (DEMs) has been demonstrated to be a promising strategy in the identification of novel biomarkers for the early diagnosis or prognosis of WT.

Application of microarray analysis or high-throughput sequencing can quickly identify differentially expressed genes (DEGs) and DEMs in tumor samples, and these are promising techniques in clinical research, including molecular classification, targeted drug discovery and survival prediction ([@b17-etm-0-0-7870],[@b18-etm-0-0-7870]). The present study identified DEGs in WT using the GSE66405 dataset from the Gene Expression Omnibus (GEO) database and data from The Cancer Genome Atlas (TCGA) database ([@b19-etm-0-0-7870]). Additionally, analysis of DEMs was performed using the GSE57370 dataset and TCGA database ([@b20-etm-0-0-7870]). Overall, the present study aimed to provide information that would promote the understanding of the molecular mechanisms of WT.

Materials and methods
=====================

### Raw data

All datasets used in the present study were downloaded from the GEO (<https://www.ncbi.nlm.nih.gov/geo/>) and TCGA (<https://cancergenome.nih.gov/>) databases ([@b21-etm-0-0-7870]). The GSE66405 dataset includes mRNA expression profiles of 28 WT and four paracancerous normal samples, which were determined using the Agilent-039494 SurePrint G3 Human GE v2 8×60K (GPL17077) platform ([@b17-etm-0-0-7870]). The GSE57370 dataset includes miRNA expression profiles of 62 WT and four paracancerous normal samples, which were determined using the Agilent-031181 Unrestricted_Human_miRNA_V16.0_Microarray (GPL16770) platform ([@b18-etm-0-0-7870]). In addition, further mRNA and miRNA expression profiles were downloaded from the TCGA WT datasets (mRNA, <https://portal.gdc.cancer.gov/repository?facetTab=files&filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TARGET-WT%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.analysis.workflow_type%22%2C%22value%22%3A%5B%22HTSeq%20-%20Counts%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.experimental_strategy%22%2C%22value%22%3A%5B%22RNA-Seq%22%5D%7D%7D%5D%7D;> miRNA, <https://portal.gdc.cancer.gov/repository?facetTab=files&filters=%7B%22op%22%3A%22and%22%2C%22content%22%3A%5B%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22cases.project.project_id%22%2C%22value%22%3A%5B%22TARGET-WT%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_category%22%2C%22value%22%3A%5B%22Transcriptome%20Profiling%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.data_type%22%2C%22value%22%3A%5B%22miRNA%20Expression%20Quantification%22%5D%7D%7D%2C%7B%22op%22%3A%22in%22%2C%22content%22%3A%7B%22field%22%3A%22files.experimental_strategy%22%2C%22value%22%3A%5B%22miRNA-Seq%22%5D%7D%7D%5D%7D&searchTableTab=files>), which included 6 paracancerous normal renal tissues and 126 or 132 tumor samples, respectively.

### Identification of DEGs and DEMs

The R 3.5.0 software (<https://www.r-project.org/>) was used to identify the DEGs between WT and normal samples in the GSE66405 dataset using the limma package with the following cut-off criteria: Fold change (FC)\>2 and P\<0.05 ([@b22-etm-0-0-7870]). Additionally, the DEGs in the TCGA WT dataset were determined using the edgeR package with FC\>2 and a false discovery rate (FDR) adjusted P\<0.05 as the cut-off criteria ([@b23-etm-0-0-7870]). Similarly, DEMs were screened with FC\>1 and P\<0.05 in GSE57370, and FC\>1 and FDR adjusted P\<0.05 in the TCGA dataset. The limma and edgeR packages were installed using Bioconductor version 3.7 (<https://www.bioconductor.org/>).

### Gene Ontology (GO) and pathway enrichment analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID 6.8; <http://david.abcc.ncifcrf.gov/>) was used to perform GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the DEGs. P\<0.05 was considered to indicate a statistically significant result ([@b24-etm-0-0-7870]).

### Protein-protein interaction (PPI) network construction and module analysis

The Search Tool for the Retrieval of Interacting Genes (STRING 11.0; <http://string.embl.de/>) database was used to obtain PPI information for the DEGs, and interactions with a combined score \>0.7 were considered as significant protein pairs ([@b25-etm-0-0-7870]). Subsequently, Cytoscape 3.6.1 software was used to visualize the PPI network and Molecular Complex Detection (MCODE) was used to screen central modules of the network with the following cut-off criteria: Degree=2, node score cut-off=0.2, k-score=2 and maximum depth=100 ([@b26-etm-0-0-7870],[@b27-etm-0-0-7870]).

### Validation of hub genes

Oncomine (<https://www.oncomine.org>), an online microarray database, was utilized to collect and analyze gene expression data for tumor and paracarcinoma normal samples. The Yusenko *et al* ([@b28-etm-0-0-7870]) renal dataset was used to verify the differential expression of hub genes between four WT and five normal renal samples. The log2 median-centered intensity value was visualized by GraphPad Prism 5.0 software (GraphPad Software, Inc.).

### Prediction of miRNA targets

Target genes of the DEMs in the GSE57370 dataset and TCGA dataset were predicted using TargetScan (<http://www.targetscan.org/vert_72/>), miRTarBase (<http://mirtarbase.mbc.nctu.edu.tw/php/index.php>) and miRDB (<http://mirdb.org/>). Only targets identified by all three databases were further analyzed by comparing them with previously identified DEGs ([@b29-etm-0-0-7870]). Furthermore, the predicted mRNA-miRNA regulatory interactions were visualized using Cytoscape version 3.6.1.

Results
=======

### Identification of common DEGs in GSE66405 and TCGA

A total of 996 DEGs in GSE66405 were identified according to the aforementioned cut-off criteria, including 280 upregulated and 716 downregulated genes ([Fig. 1A](#f1-etm-0-0-7870){ref-type="fig"}; [Table SI](#SD2-etm-0-0-7870){ref-type="supplementary-material"}). In addition, 6,608 DEGs were identified in the TCGA dataset, including 3,607 upregulated and 3,001 downregulated genes ([Fig. 1B](#f1-etm-0-0-7870){ref-type="fig"}; [Table SII](#SD3-etm-0-0-7870){ref-type="supplementary-material"}). A Venn diagram was used to present the overlapping 181 upregulated and 432 downregulated genes identified in both datasets ([Fig. 1C and D](#f1-etm-0-0-7870){ref-type="fig"}).

### GO term and KEGG pathway enrichment analysis of DEGs

To gain further insights into the function and mechanisms of WT, the identified common DEGs were uploaded to DAVID to perform GO and KEGG pathway enrichment analyses. The top 10 terms of each analysis with the lowest P-values are presented in [Fig. 2](#f2-etm-0-0-7870){ref-type="fig"}. According to KEGG pathway analysis, the DEGs were predominantly enriched in the 'Metabolic pathway'. In addition, certain DEGs were significantly involved in 'peroxisome proliferator-activated receptor (PPAR) signaling pathway' and 'Protein digestion and absorption'. GO biological process terms revealed that the DEGs were primarily enriched in 'response to drug', 'ion transmembrane transport' and 'excretion'. At the cellular component level, the DEGs were mainly enriched in 'integral component of membrane', 'extracellular exosome' and 'plasma membrane'. At the molecular function level, the DEGs predominantly served a role in 'transporter activity' and 'heparin binding'.

### PPI network analysis

All 613 common DEGs were mapped into a PPI network using the STRING online database and the network was visualized using Cytoscape ([Fig. S1](#SD1-etm-0-0-7870){ref-type="supplementary-material"}). BUB1 mitotic checkpoint serine (BUB1) was identified as the gene with the highest degree in the overall network, with a degree of 33. [Fig. 3](#f3-etm-0-0-7870){ref-type="fig"} presents the most significant gene module of the PPI network, which included 28 genes with 366 edges. In addition, key pathways and GO terms of these hub genes are presented in [Fig. 4](#f4-etm-0-0-7870){ref-type="fig"} and [Table SIII](#SD4-etm-0-0-7870){ref-type="supplementary-material"}. These hub genes were predominantly involved in the cell cycle \[BUB1, BUB1B mitotic checkpoint serine/threonine kinase B (BUB1B), cell division cycle protein 45 (CDC45), cyclin B2 (CCNB2) and pituitary tumor-transforming 1 (PTTG1)\] and oocyte meiosis pathways (BUB1, CCNB2 and PTTG1). Furthermore, BUB1 was revealed to be involved in all of the GO terms identified. As a result, BUB1 was considered to be a central hub gene.

### Validation of hub genes in the cell cycle pathway

To further validate the results, the present study examined the expression levels of five hub genes (BUB1, BUB1B, CDC45, CCNB2 and PTTG1) using the Oncomine database. As indicated by the Yusenko Renal dataset, all five genes were significantly upregulated in tumor samples compared with in normal samples (P\<0.05; [Fig. 5](#f5-etm-0-0-7870){ref-type="fig"}). This suggested that dysregulation of the cell cycle pathway, as well as alterations in the mRNA expression levels of these genes, may be closely associated with WT.

### Identification of common DEMs in GSE57370 and the TCGA dataset

A total of 79 and 167 DEMs were identified using the GSE57370 and TCGA datasets, respectively, including 26 and 101 upregulated, and 53 and 66 downregulated miRNAs, respectively ([Fig. 6A and B](#f6-etm-0-0-7870){ref-type="fig"}; [Tables SIV](#SD5-etm-0-0-7870){ref-type="supplementary-material"} and [SV](#SD6-etm-0-0-7870){ref-type="supplementary-material"}). Venn diagrams present the 29 overlapping miRNAs, which included 6 upregulated and 23 downregulated miRNAs ([Fig. 6C and D](#f6-etm-0-0-7870){ref-type="fig"}).

### Prediction of a regulatory network of DEMs-DEGs

A total of 879 target genes of the 6 upregulated and 23 downregulated miRNAs were predicted by the TargetScan, miRTarBase and miRDB databases. Among the 879 genes, 19 were identified to overlap with the identified DEGs ([@b29-etm-0-0-7870]--[@b31-etm-0-0-7870]). Subsequently, the present study constructed a potential regulatory network of the DEMs-DEGs, which was visualized using Cytoscape ([Fig. 7](#f7-etm-0-0-7870){ref-type="fig"}). In addition, [Table SVI](#SD7-etm-0-0-7870){ref-type="supplementary-material"} presents the GO term and KEGG pathway enrichment analyses of the 19 overlapping genes. Among these genes, Wiskott-Aldrich syndrome protein family member 3 (WASF3) and MARCKS like 1 (MARCKSL1) were enriched in the 'Fc gamma R-mediated phagocytosis pathway'. Subsequently, the present study validated their expression using Oncomine and the Yusenko Renal dataset and revealed that the two genes were overexpressed in WT compared with in the normal group. When referring to the expression profile of DEMs and the miRNA-mRNA network, downregulated hsa-miR-200b, hsa-miR-429 and hsa-miR-30c-2 may be the upstream regulatory elements of WASF3 and MARCKSL1 ([Fig. 8](#f8-etm-0-0-7870){ref-type="fig"}).

Discussion
==========

WT is a serious threat to the health of children and develops as a result of abnormalities of various genes which are normally responsible for cellular growth, proliferation and differentiation ([@b32-etm-0-0-7870],[@b33-etm-0-0-7870]). It has been reported that \~5% of children have mutations in WT1 or epigenetic defects at chromosome 11p15, which are predispositions for WT ([@b5-etm-0-0-7870],[@b34-etm-0-0-7870]). In previous decades, a number of genes, including CTNNB1, WTX and tumor protein p53, have been reported to be involved in the tumorigenesis and progression of WT ([@b35-etm-0-0-7870]--[@b37-etm-0-0-7870]). Therefore, identification of key genes is vital for understanding the pathogenesis and abnormal biological behavior of WT, and to identify novel therapeutic targets of WT.

First, the present study analyzed available microarray and RNA-sequencing data from the GEO and TCGA databases to identify significant DEGs and DEMs, and 613 significant DEGs were selected by bioinformatics analysis. DAVID was used to perform further analysis of these DEGs to identify their potential associated cellular signaling pathways and functions. KEGG pathway analysis revealed that 65 DEGs of WT were enriched in 'Metabolic pathways', 12 were enriched in the 'PPAR signaling pathway' and 12 were enriched in 'Protein digestion and absorption'. GO term analysis indicated that DEGs were involved in the 'response to drug', 'ion transmembrane transport' and 'excretion' biological processes terms. Furthermore, the DEGs were demonstrated to serve a role in 'transporter activity' and 'heparin binding' at the molecular function level.

Subsequently, according to PPI network construction and module analysis, a hub gene module was identified. This hub gene module contained 28 upregulated genes, and BUB1 was considered as the central gene. BUB1 was identified as the gene with the highest degree ([@b33-etm-0-0-7870]) in the network, while centromere protein A, ubiquitin conjugating enzyme E2 C and kinesin family member 2C each had a degree of 32. KEGG and GO analyses demonstrated that these 28 hub genes were mainly involved in 'Cell cycle' and 'Oocyte meiosis pathway', and were also associated with multiple processes of mitosis according to the molecular biological function terms. Expression validation based on the Oncomine database was performed to investigate the expression levels of BUB1, BUB1B, CDC45, CCNB2 and PTTG1, which were all associated with the 'Cell cycle pathway'. As expected, all five genes were upregulated in tumor tissues compared with in normal samples. Therefore, it may be hypothesized that disorders of the cell cycle pathway and associated genes may contribute to the occurrence of WT.

Cell cycle progression consists of five known phases: G~0~ (gap 0), G~1~ (gap 1), S (DNA synthesis), G~2~ (gap 2) and M (mitosis) phase. A number of checkpoints function between these phases to ensure that the integrity of cellular components and the fidelity of DNA synthesis are monitored ([@b38-etm-0-0-7870]). As is well understood, an abnormal distribution of cells throughout the cell cycle is a hallmark of human cancer, due to accumulating alterations of genes in the cell cycle pathway possibly resulting in impaired abilities of cell division, cell proliferation and response to DNA damage ([@b39-etm-0-0-7870],[@b40-etm-0-0-7870]). BUB1, a mitotic checkpoint protein, has been demonstrated to be overexpressed in various types of cancer, such as hepatocellular carcinoma and prostate cancer, and has been associated with the proliferation, migration and invasion of tumor cells ([@b41-etm-0-0-7870],[@b42-etm-0-0-7870]). Furthermore, a number of studies have suggested that BUB1 may be a biomarker for the clinical prognosis of numerous types of tumor, including breast and gastric cancer ([@b43-etm-0-0-7870],[@b44-etm-0-0-7870]). Therefore, it is worth investigating the role of BUB1 in WT further.

miRNAs are popularly applied in the diagnosis and clinical prognosis of various types of tumor due to their regulatory role of mRNAs, which affects the malignant behavior of tumor cells ([@b45-etm-0-0-7870],[@b46-etm-0-0-7870]). In addition, due to an increasing amount of attention for miRNAs, a number of miRNAs have been identified to be involved in the occurrence, development and survival of tumor ([@b47-etm-0-0-7870],[@b48-etm-0-0-7870]). Therefore, screening key miRNAs may be beneficial to further investigate their specific roles in WT. By integrating the miRNA microarray data in GSE57370 with the miRNA-sequencing data in the TCGA dataset, 29 overlapping DEMs were identified in the present study. These DEMs may serve important roles in WT.

Furthermore, TargetScan, miRTarBase and miRDB were used to predict the target genes of the DEMs and only genes identified by all three databases were further analyzed. Subsequently, 879 target genes were integrated with the aforementioned DEGs, and 19 overlapping genes were identified. A DEMs-DEGs network was constructed to reveal potential regulatory pathways by which the 16 DEMs and 19 DEGs serve their roles. In KEGG pathway analysis, two genes were revealed to be involved in the Fc gamma R-mediated phagocytosis pathway. It was demonstrated that WASF3 and MARCKSL1 were highly expressed in the tumor samples in the Yusenko Renal dataset. Based on the expression profiles of the DEMs and the miRNA-mRNA network, downregulated hsa-miR-200b and hsa-miR-429 may be the upstream regulatory elements of WASF3, and hsa-miR-30c-2 may be the regulator of MARCKSL1. It has been reported that miR-200b may inhibit the growth and motility of breast cancer cells ([@b49-etm-0-0-7870]). miR-429 can suppress the cell proliferation, migration and invasion of nasopharyngeal carcinoma ([@b50-etm-0-0-7870]). Similarly, miR-30c-2 has been demonstrated to be involved in cancer cell proliferation and apoptosis ([@b51-etm-0-0-7870]). Additionally, WASF3 and MARCKSL1 have been reported to be associated with malignant behaviors of certain tumor types, including bladder and breast cancer ([@b52-etm-0-0-7870],[@b53-etm-0-0-7870]). Therefore, one may speculate that the three regulatory pathways of miR-200b/WASF3, miR-429/WASF3 and miR-30c-2/MARCKSL1 may serve significant roles in WT. However, this remains to be validated by future experiments.

In the present study, five hub genes were identified, and these were associated with the cell cycle pathway and may be potential biomarkers of WT. Furthermore, the present study predicted potential miRNA-mRNA regulatory pathways by constructing an interaction network. These results may direct experimental investigations regarding the molecular mechanisms in WT.

In conclusion, the present study identified 613 DEGs and 29 DEMs by bioinformatics analysis, which may be potential biomarkers for the occurrence of WT. By screening the hub module in a PPI network and performing functional enrichment analyses, five hub genes (BUB1, BUB1B, CDC45, CCNB2 and PTTG1) associated with the cell cycle and mitosis were identified. These may serve important roles in WT. In addition, differential expression levels of these genes were verified using the Oncomine database. Furthermore, the present study predicted potential regulatory mechanisms of the DEMs and DEGs in WT, and aimed to assist further molecular biological investigations that may verify these mechanisms.
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![Identification of DEGs in gene expression profiling datasets. (A) A total of 996 DEGs were identified in GSE66405. (B) A total of 6,608 DEGs were identified in TCGA dataset. Red, upregulated DEGs; Blue, downregulated DEGs. (C) There were 181 upregulated common DEGs of the two datasets. (D) There were 432 downregulated common DEGs of the two datasets. DEG, differentially expressed gene; FC, fold change; FDR, false discovery rate; TCGA, The Cancer Genome Atlas.](etm-18-04-2554-g00){#f1-etm-0-0-7870}
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Kyoto Encyclopedia of Genes and Genomes pathway and Gene Ontology term analyses of overlapping differentially expressed genes. (A) Top 10 enriched pathways. (B) Top 10 enriched biological process terms. (C) Top 10 enriched cellular component terms. (D) Top 10 enriched molecular function terms. PPAR, peroxisome proliferator-activated receptor.
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![Hub gene module in the protein-protein interaction network with 28 genes. Nodes represent genes and lines represent interactions. BUB1 was marked in deep red as this is the gene with the highest degree.](etm-18-04-2554-g03){#f3-etm-0-0-7870}
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Kyoto Encyclopedia of Genes and Genomes pathway and Gene Ontology term analyses of the 28 hub genes. (A) Enriched pathways. (B) Top 10 enriched biological process terms. (C) Top 10 enriched cellular component terms. (D) Top 10 enriched molecular function terms.
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![Validation of gene expression based on the Oncomine database. Gene expression of (A) BUB1, (B) BUB1B, (C) CDC45, (D) CCNB2 and (E) PTTG1. BUB1, mitotic checkpoint serine/threonine kinase; BUB1B, mitotic checkpoint serine/threonine kinase B; CCNB2, cyclin B2; CDC45, cell division cycle protein 45; PTTG1, pituitary tumor-transforming 1; WT, Wilms tumor.](etm-18-04-2554-g06){#f5-etm-0-0-7870}

![Identification of DEMs in microRNA expression profiling datasets. (A) A total of 79 DEMs were identified in GSE57370. (B) A total of 167 DEMs were identified in TCGA dataset. (C) There were 6 upregulated common DEMs of the two datasets. (D) There were 23 downregulated common DEMs of the two datasets. DEM, differentially expressed microRNA; FC, fold change; FDR, false discovery rate; TCGA, The Cancer Genome Atlas.](etm-18-04-2554-g07){#f6-etm-0-0-7870}

![Construction of a potential regulatory network of differentially expressed microRNAs and differentially expressed genes. Red nodes represent genes, blue nodes represent microRNAs, and lines represent interactions. hsa-miR, homo sapiens-microRNA.](etm-18-04-2554-g08){#f7-etm-0-0-7870}

![Validation of mRNA expression by Oncomine database analysis and prediction of microRNA-mRNA binding regions. (A) WASF3. (B) MARCKSL1. (C) miR-200b, miR-429 and miR-30c-2 binding to the 3′ UTR of targets. 3′ UTR, 3′ untranslated region; MARCKSL1, MARCKS like 1; miR, microRNA; WASF3, Wiskott-Aldrich syndrome protein family member 3; WT, Wilms tumor.](etm-18-04-2554-g09){#f8-etm-0-0-7870}
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